Summary: Endometrial endometrioid carcinoma is related to estrogen excess and expression of estrogen and progesterone receptors. Epidemiological evidence suggests that exposure to elevated androgens, as in polycystic ovarian syndrome, increases the risk of endometrial cancer. Factors impacting androgen receptor (AR) expression are not well studied. Mismatch repair (MMR) deficiency due to MLH1 gene methylation is one of the most common molecular alterations in endometrial cancer, occurring in 15% to 20% of cases. MLH1 methylation can be associated with decreased expression of other genes, so we examined the effect of MMR status on AR expression. As NF-κB is known to induce AR, this transcription factor was also examined. Three hundred forty-four unselected endometrial carcinomas were evaluated for DNA MMR. Loss of expression of MLH1 with MLH1 methylation was defined as MMR deficient, and positive expression of MMR proteins was defined as MMR intact. A case-control cohort of 96 grade 2 endometrioid carcinomas was studied from this set (47 MMR deficient, 49 MMR intact). Cases were matched for histotype, grade, and age. AR and NF-κB immunohistochemical expression were evaluated by 2 different scoring systems (CAP/ ASCO and Allred) used for estrogen receptor. Despite higher levels of NF-κB, MMR deficiency was associated with a significantly lower mean percentage of AR expression. The MMR deficient group had more variable AR expression, with more cases scoring on the lower end of the spectrum. These findings have implications for clinical trials of AR antagonists in gynecologic cancers.
Steroid hormones including estrogen and progesterone play an important role in the development of endometrial endometrioid carcinoma (EEC) (1).
Androgen and androgen receptor (AR) are well known to be critical in the development of prostate cancer, but they have gradually been recognized to be important in EEC as well (2) (3) (4) . For example, endometrial cancer risk is tightly linked to obesity which is associated with a hyperandrogenic state. Polycystic ovarian syndrome is associated with androgen excess and an increased risk of EEC (5) . Data from the European Prospective Investigation into Cancer and Nutrition (EPIC) have shown that elevated circulating levels of free testosterone positively correlated with increasing body mass index and endometrial carcinoma risk (1) . Both testosterone and dihydrotestosterone are elevated in EEC compared with normal endometrium (6) . AR expression was previously studied in 85 endometrial cancers (37 endometrioid grades 1 and 2, and 48 endometrioid grade 3, serous, and clear cell carcinomas and carcinosarcomas). Similar to estrogen receptor (ER) and progesterone receptor, AR expression declined as endometrial cancer grade increased (2) . Another study of 86 EEC demonstrated that AR expression was inversely correlated with tumor grade, presence of lymphatic/vascular space invasion, and Ki67 and positively correlated with ER expression. AR expression was not correlated to clinical stage (6) . Recently, Mahdi and colleagues detected AR expression (defined as expression in 1% or more tumor cell nuclei) in 51% of the 261 endometrial cancers examined. AR expression was detected in both endometrioid and nonendometrioid carcinomas, with lower frequencies of positive cases in the serous and carcinosarcoma groups (7) .
Other than tumor differentiation, molecular factors impacting AR expression in endometrial cancer remain poorly understood. High levels of microsatellite instability/DNA mismatch repair (MMR) deficiency is one of the most common molecular defects in endometrial cancer, occurring in 15% to 20% of cases, especially in the endometrioid histotype (8, 9) . In sporadic endometrial cancer, defective DNA MMR is due to MLH1 gene methylation with subsequent loss of MLH1 protein. A methylator phenotype involving methylation of numerous other genes in addition to MLH1 has been demonstrated for endometrial cancer (10, 11) . Hypermethylation of a CpG region spanning the transcription start site of the AR gene is associated with AR gene inactivation in EEC (12) . We therefore hypothesized that DNA MMR deficiency due to MLH1 gene methylation and subsequent MLH1 protein loss would be associated with decreased AR expression in EEC. As NF-κB has been previously shown to activate the AR promoter in prostate cancer cells, inducing AR expression and cell proliferation (13), we also examined expression of this transcription factor in the same tumors.
MATERIALS AND METHODS

Patient Population
Unselected patients who underwent hysterectomy for endometrial cancer at M.D. Anderson Cancer Center from January 1, 2013 to 30 October, 2015 were identified. Relevant clinical data were extracted from the electronic medical record, and all hysterectomies were pathologically reviewed by a gynecologic pathologist (R.R.B.). The carcinomas were graded according to the International Federation of Gynecology and Obstetrics (FIGO) grading system. A total of 335 endometrial cancer patients were identified, and their tumors were subjected to immunohistochemistry testing for MLH1, MSH2, MSH6, and PMS2 (Fig. 1) . MLH1 methylation was performed in patients with immunohistochemical loss of MLH1. A total of 91 endometrial cancers with MMR defects were identified, and the majority of these tumors were endometrioid FIGO grade 2 with loss of MLH1 (Fig. 1) . To eliminate any possible variation in biomarker expression that could be attributed to the histotype or grade of tumor, we selected for further examination grade 2 endometrioid tumors. Specific MMR-deficient cases were then selected based on the presence of adequate tumor and age of patient for matching to a MMR-intact control. Forty-seven MMR-deficient (all with MLH1 loss due to MLH1 gene methylation) and 49 MMR-intact controls made up the final cohort.
Assessment of DNA MMR
All tissue-based analyses were performed using formalin-fixed, paraffin-embedded sections. All of the cases were fixed in the same pathology laboratory, for approximately the same length of time, and under the same protocols. After review of all the hematoxylin and eosin-stained slides for each case, 1 representative block that had an adequate amount of viable tumor for immunohistochemistry studies and was best representative of grade 2 endometrioid histology was selected for study. Immunohistochemistry of MMR proteins was performed using standard techniques for MLH1 (G168-15 1:25; BD Biosciences Pharmingen), MSH2 (FE11, 1:100; Calbiochem), MSH6 (44, 1:300; BD Biosciences Phar-Demographic Datamingen), and PMS2 (Alb-4, 1:125; BD Biosciences Pharmingen). MLH1, MSH2, MSH6, and PMS2 immunohistochemistry was scored as protein intact or deficient using light microscopic examination. Complete absence of MMR protein expression was required in order for a case to be designated as MMR deficient. Stromal cells served as an internal positive control.
For tumors with loss of MLH1 protein expression, polymerase chain reaction (PCR)-based MLH1 promoter methylation analysis was performed. DNA was isolated from mapped formalin-fixed, paraffinembedded tissue sections from the same block in which immunohistochemistry was performed. Tissue sections were dissected with a scalpel blade to provide relatively pure tumor samples for analysis. Isolated DNA was treated with bisulfite to convert unmethylated cytosine nucleotides to uracil using the Zymo EZ DNA Methylation-Gold Kit according to the manufacturer's instructions (Zymo Research, Orange, CA). Methylation of MLH1 was assessed using a modified version of methylation-specific PCR followed by capillary electrophoresis using FAM-labeled reverse primer and unalabeled forward primers (Intergrated DNA Technology). The primer sequences were the following: methylated forward, 5′-GAT AGC GAT TTT TAA CGC-3′, unmethylated forward, 5′-AGA GTG GAT AGT GAT TTT TAA TGT-3′ and labeled reverse primer, 5′-FAM-TCT ATA AAT TAC TAA ATC TCT TC-3′ and labeled reverse primer, 5′ FAM-TCT-ATA AAT TAC TAA ATC TCT TC-3′. The forward primers were designed to distinguish the methylated amplicon from the unmethylated by difference in size. The bisulfite-treated DNA was then amplified by PCR using primers specific for methylated and unmethylated DNA. The methylated PCR product of 85 bp was separated from unmethylated PCR product of 91 bp by capillary electrophoresis using an ABI Prism 3130 Genetic Analyzer. Chromatograms for tumor were compared with those generated for the RKO colon carcinoma cell line (positive control known to have loss of MLH1 protein due to MLH1 promoter methylation).
Assessment of AR and NF-κB
Immunohistochemical analysis for AR was performed using the AR441 clone (Dako) at 1:30 dilution. For NF-κB, anti-p65 antibody (Abcam 47423) was used at 1:300 dilution. AR and NF-κB expression were evaluated by light microscopic examination, blinded as to tumor MMR status, using both a clinically validated cutoff established by ASCO/CAP for ER in breast cancer and an Allred scoring system because no clinically validated system has been established for hormonal receptor evaluation in EEC (14) (15) (16) . In the Allred scoring system, the proportion of positive staining is scored on a scale of 0 to 5 and staining intensity is on a scale of 0 to 3. The final score adds both together to yield a total score. A score of 0 to 2 was regarded as negative and 3 to 8 as positive. Representative photomicrographs of the different staining intensities and proportions positive for AR are shown in Figure 2 . For both scoring systems, only staining in tumor epithelial cell nuclei was considered. Allred and CAP scores for AR and NF-κB were assigned at the same time for each case. The data were analyzed using the Fisher exact test and χ 2 analysis to compare AR expression by MSI status. Despite controlling for endometrial cancer histotype (endometrioid), grade (FIGO 2), and matching for patient age, a broad spectrum of nuclear AR expression was encountered (Fig. 2) . No cytoplasmic expression was identified. Among all cases, AR was positive in 73.9% by using CAP criteria and 59.4% by Allred criteria (Fig. 3A) . Overall, 39/96 (40.6%) tumors had an Allred AR score of 0 to 2, so these were considered negative (Fig. 4B) . Stage had no effect on AR expression (P = 0.178). In both scoring systems, the MMR-intact group had a significantly greater percentage of positive cases (Fig. 3B, C) .
RESULTS
Overall
When considering only the positive cases (n = 34 MMR intact; n = 23 MMR deficient), the mean Allred scores for AR expression of the MMR deficient and MMR intact groups were not significantly different (Fig. 4A) . Inspection of the distribution of Allred scores demonstrated that the MMR intact group had more cases with an AR score ranging from 3 to 5 compared with the MMR deficient group. The MMR deficient group was much more likely to have an AR score of 0. The 2 groups had comparable numbers in the higher scoring range of 6 to 8.
The transcription factor NF-κB is known to induce expression of AR in prostate cancer cells (12) . Thus, we also examined its nuclear expression in the MMR intact and deficient groups. As with AR, there was a spectrum of different NF-κB expression patterns despite the fact that tumor histotype, tumor grade, and patient age were controlled for (Fig. 5) . NF-κB positivity rate did not differ between the 2 different scoring systems (Fig. 6A ). There were significantly more MMR deficient cases that were positive for NF-κB (Fig. 6B, C) . Tumors positive for NF-κB did not have distinctive histopathologic features compared with NF-κB negative cases.
DISCUSSION
To our knowledge, this is the first published report examining the effect of MMR status on AR expression. We chose to examine MMR status, as loss of MMR is one of the most common molecular alterations in endometrial cancer, especially the endometrioid subtype. Applying 2 different scoring systems to a large set of grade 2 endometrioid carcinomas, we found that the incidence of AR positivity is significantly lower in the MMR-deficient group. Interestingly, a transcription factor known to upregulate AR in prostate cancer, NF-κB, was For the endometrial cancer clinical trial, tumor AR positivity is not an entrance criterion, but it will be assessed during the study and correlated to treatment response. For the ovarian/tubal/peritoneal cancer trial, AR expression in 5% or more of tumor cells is required for trial enrollment. In surveying the breast cancer clinical trials at this website, there is variable AR immunohistochemistry requirements. Some trials do not require a tumor to be tested, whereas others require > 1% or at least 10% AR-positive tumor cells. Nevertheless, results of our study imply that MMR status of the endometrial cancer should be taken into account when designing clinical trials of AR antagonists.
It has been reported by several groups, including ours, that expression of clinically relevant biomarkers is different in MMR-deficient compared with MMRintact colon and endometrial cancers. Immunohistochemistry for cytokeratins (CK) 7 and 20 can be useful in helping to distinguish carcinomas of lower gastrointestinal tract origin (typically CK20 positive, CK7 negative) from gynecologic carcinomas (typically CK7 positive, CK20 negative). CK20 expression is decreased in MMR deficient colorectal adenocarcinoma (17, 18) . MMR deficient endometrial carcinomas have a lower percentage of cytokeratin 7 positive cells (19) . In addition, the MMR deficient group had greater variability in ER expression, with more cases having <55% ER-positive tumor cells (19) .
MMR status has been previously shown in endometrial carcinoma to be associated with distinctive histopathologic features. For example, localization of endometrial tumor in the lower uterine segment is significantly associated with defective DNA MMR (20) . MMR deficiency is associated with increased tumor infiltrating lymphocytes and increased mutation-generated neoantigens (21, 22) . Recent publications suggest that the specific type of MMR deficiency may also influence endometrial carcinoma histologic features. For example, EEC with MLH1 loss due to MLH1 methylation have intermediate PD-L1 expression, with higher levels seen in EEC with loss of MSH6, MSH2 and MSH6, and PMS2 (23) . Compared with endometrial cancers with MSH2/MSH6/ PMS2 loss, endometrial cancers with loss of MLH1 due to MLH1 gene methylation have significantly greater incidence of mucinous differentiation and more tumor infiltrating lymphocytes (24) .
Given its role in regulating lymphocytes and their associated inflammatory responses, it was not surprising to us that NF-κB was significantly increased in the MMR deficient group, which is known to have increased tumor infiltrating lymphocytes (21, 22) . In a previous study of 95 endometrial cancers, NF-κB expression was not related to MMR deficiency (25) . Our study differs in a number of important ways that may account for the discrepant results. The previous study used a tissue microarray rather than whole tissue sections from each tumor and a different NF-κB p65 antibody that was detecting much more cytoplasmic signal than we observed. Also, the previous study included 17 nonendometrioid endometrial carcinomas, which are very unlikely to be MMR deficient. The relationship between MMR and inflammation is likely complex. Most studies in endometrial cancer and colorectal cancer focus on MMR deficiency leading to increased tumor inflammatory infiltrates (21) (22) (23) (24) . However, there is evidence that inflammation inhibits DNA MMR. For example, liver cancer cell lines treated with the proinflammatory cytokine tumor necrosis factor-α have significantly decreased expression of MSH2. This inhibition is NF-κB dependent (26) . The loss of MSH2 is important, as human hepatocellular carcinomas also have loss of MSH2 and MSH2-deficient mice develop liver cancers (26) . NF-κB likely plays an important role in endometrial cancer, as it has been previously linked to endometrial carcinogenesis induced by KRAS mutation (27) and activation of the PI3K/AKT signaling pathway (28) . Endometrial cancer cell lines treated with estrogen show activation of NF-κB, leading to increased expression of MMP-9, which helps to promote invasion (29) . The mechanistic interplay between inflammation and MMR in endometrial cancer development and progression has not yet been resolved.
In our series, elevated NF-κB in the MMR deficient group was not associated with increased AR expression. The exact molecular mechanisms regulating AR expression in the endometrium are unknown. Given that AR expression was lower in the MMR deficient group, which was defined as MLH1 loss due to MLH1 gene methylation, it is possible that methylation and subsequent silencing of the AR gene is also occurring in at least a subset of these tumors. This scenario would be consistent with the existence of a methylator phenotype for endometrial cancer (10, 11) and the previously reported hypermethylation of the AR gene being associated with decreased immunohistochemical expression of AR protein (12) . Such gene methylation would be expected to interfere with the binding of transcription factors such as NF-κB, which activate AR gene transcription (13) , even when expression of such transcription factors is elevated.
